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to partially divert inlet flow into the anfi c ’injection holes inside the seal stator 
mechanism is used to achieve effective Z Tl,e “-swirl seiWnjeaion 

considered as a prime cause of rotor incilhir* redu l ctIon of the tangential flow which ic 
results show that the self-injection mechanism 1 sienir ^ P ei ^ orniance turbomachinery Test 
however, the leakage performance deeradec , s g n flcan tly improves whirl frequenc/ratios 
mechanism. Through a series of iho due t0 the ,ntr oduction of the self-inieriinn 

which uses a labyrinth stator surface wiihTnf 1 ™’ a . n n 0 P ,imum anti-swirl self-injection seal 
significant improvement in the whirl freonenrv^c flow in J ec,ions is selected to obtain a 
showing moderate leakage perfonifance ^ ^ 35 Con,parcd ,0 a O^pcr seS whilc 

swirl W a h nd ‘degree amwfak^Tn^ctionZilh'aTah' S ?' f h inJeC ' ion real of 12 holes ami- 
by™S “ f a 2 dam » ers eal. Kc optimum contigunuion o'u™ 

nomenclature 


A 

C, c 

C d 

c 

E' 

Fx-Fy 

K,k 

M 

S' 

X,Y 

Ra 

V 

X 

f 

co 

V 

Q 


ssrSdSWc., (pt/l, 

Leakage coefficient, introduced in Eq. ( 5 ) ' 

Radial c!earance,(L) 

Identity matrix, introduced in Eq.(2) 

nZf C1 i, 0n ' f0rce ooo'pooeols, introduce,! in Eu. (I) rpr 

Addcd«^ in «> <W 

Error matrix, introduced in Eq (2) 

Seal ronrr slalor relative displace, „ c „,, in ,„,d uccd in ^ (|) . 

Seal axial Reynolds number(2VC fV\ 

Fluid average axial vciocity(L/T) 

rotorational speed, introduced in Eq. ( 4 ) 

Fluid kinematic viscosity (L /T) 

Impulse hammer frequency 
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INTRODUCTION 

Throughout .980's . '* 
crasfcoupw “Vfness cocfficien, k of the following road, on- 
force/displacement model for the seal. 


( 1 ) 


This linearized mode, is assumed to apply f 

ssSg‘f« f eM rtfsr- Wife — - ^ a 

higher stable operating speed for pumps. 

von Pragenau(1982) originally W which use 

stators and smooth rotors would lowe g ve i oc i ty wa s realized through damper 

smooth rotors and stators. A r 5^ t, T ° watsub0 Sheng.1990) which used rough stators and 
seals(Childs and Kim, 1985,198 » retards the generation of the tangential flow 

smooth rotors. The surfac^ougtaws pattern reta ^ ^ several industri al applications 

inside the seal clearance. While damper seals a e a P^^.^ jn rcducing the tangential 
into high performance turbomachinery, a Pro 8 sw j rl brake which is used in 

velocuy is in, educed bake! Ihf ml J^ri inhercn, 

clearance. Smtod Search SSfim ton mporled wilh a succas ,n ,hc SSME HPOTP 

turbine interstage scals.(Childs ct.al, 1990) 

In this paper, a 'new' concept in self?njection seal which is 

tested with a series of the seal. Nev ^ ^ ^ P^. mDer f 0 r comparisons. Using the inlet 

illustrated in Fig. 1 along with smooth ^ d »m^ s J or slots inside the seal stators and 
high pressure, the inlet flow is parttaUy < ^'^flaft rotation. This concept can be a more 
self-injected into the reverse direc tangential flow inside the seal clearance. The 

aggressive measure to a reduction of the ^ta ^ genial ^ ^ consequent improvement in 

resultant tangential velocity . ,s 23^ ^lf infection concept is shown to be a promising 
stability can be obtained. ' S ™L j he p rese nt test program examines the process of 

alternative to the conventional swirl bra . P pr0 posed seals. The consequence of the 

SZ r £ «« on leakage perfonuance ,s 

investigated. 

test apparatus 

A new tes, Hg was designed and . Wj. 

Massmann and Nordmann(1985h P P 2 illustrates the test rig. The movable 
enough to satisfy the current purpose of the tes • »•«& main structure of the test rig 

housing is flexibly supported by spnngs ^d stcc^b ^ ^ ^ Aflcr thc seal is inserted 
The two identical seal inserts can J . holos are machined and connected to the 

into the main housing, the pressure ' ^^ r olTed fiow S cs ’ thc su PP licd fl “ id 

Scani-valvcs.With a tour stage supp y P P ' 4 , holes. The inlet fluid then exits 

enters thc seal section in flic middle thrt y ° n JjJ s J[ rcs flow ra tes in the exit pipe line, 
through two seal sections. The m g r orccs which are the source of the dynamic 

The pressurized seal generate the seal rolor wa§ measured by f 

e^y^currentlj^^oxim probes* 11 ^ wjll ^explained later, seal coefficients can be 
measured with dynamic impact tests for each test seal. 
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sSasMf S5 “fi" 

fSjS? SSsSifpSfe 

Scani-valve mechanism which is connected to a prcsstJrelcE.^ ,ncasured throu fi’ h the 

SSF sr M T.sr5s 

TEST SEALS 

and refineme^To? ^ ,cs,cd anally for concept demonstration 

seal TnVfh ainper SeaI were also tested. Fig ] showseetmp/*- co, l ventional seals, a smooth 
seal, and three anti-swirl self-injection seals’ Thl° S geome,nes of a smooth seal, a damoer 

from the test results in the reference of A Sc ge ™ e - try of ,he da »iper seal was adwted 
Jampmg. For the ami-swirl paitem a 2^n,t S^"" <1986) for a Possible ofi* 
holes were drilled into the stator bodv anH «,»♦»! njectl0n was considered. Twelve sunntv 
holes against the direction of rotation FnM^ai^ SW J rI p . attern was realized by drilling 
injection and a labyrinth surface were considered T^hf r ? d V ction ’ a 6 degree anti-leakage 

gtfZESl ** "ave the »f 3 d 

retails are explained in the table. Seal 3 was tes?ed firc? f , °' 2 wuh a smooth rotor, 

configurations. The effect of anti-leakw inl ^. td first t0 see the effect of anti-swirl 
anti-swirl injection. Based on the above Series of resre? ‘T** ^ 4 with 12 holes of 

anti-leakage injection and labyrinth effect was tested d S ’ ,he SCal 5 of 12 holes with 

SEAL PARAMETER IDENTIFICATION 

identification ft?' freijuen^^ ,cs,ing of the parameter 

4. As explained in detail in the reference and Normann,l985) as illustrated in Fig 

variable method is used. In conjunK^XT ^ Nonn ann(l985). the instrumental 
vanable method utilizes the nieasumd Sn. he lcast S( l uarc method, the instrumental 
algonthm for better curve-fittings. q y response Unction to iterate the least square 

jdentitym^nX ^ Tc Sefetualioit areanged '"mo* ** ^ StiffnCSS matrix should be the 
the case of a broad band excitation of the impulse Zmme ?™ rdetermined Ration system in 

AX = E' + S' 

CLtsT 1 ; x f 2 uency — re,aied * 

_ re P re senrs the unknown coefficient? M C . \c 
idcnliiy matrix and is (he error nm at ’ * — is a modified 

„“ icm : u,eins ' ™ iei ’ ia1 

0d g », S, ^"SKS£r ta iS bUi " ««- — » obtained b y dtc 


W^AX = W t E' 


( 3 ) 


compared with thafof IhAasTste^The nrS a lf d 311(1 after each srep the actual estimation is 
instrument variable method is less sensitive to S ££2 
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error of the identified coefficients(Massmann and Normann,1985) as illustrated in Fig.6. 

EXPERIMENTAL RESULTS 


Dynamic Coefficient and Leakage Test Data 

For a given seal configuration, a test matrix is obtained by varying the axial Reynolds 
number and running speed. The Ra range varies between the maximum flow capacity of the 
suddIv Dump and minimum AP sufficient to generate reasonable transient pressure signal 
amplitudes. For a given Ra value, the running speed is varied sequentially over the running- 
speed capacity of the drive motor. 

orbUal moUon of the rotor. Positive direct damping C and a negative cross-coupled stiffness 
orbit.(Childs ct.al,1989) 


whirl-frequency ratio = f - 


k 

Cat 


(4) 


The stator inserts are to be evaluated based on k C, whirl-frequency ratio, and leakage 
performance. Volumetric seal leakage is defined by 


AP = C d 



(5) 


where the leakage coefficient C < is a nondimensional relative measure of the leakage to be 
expected from seals with different radii. 

Relative Uncertainty 

The uncertainty in the dynamic coefficients can be detennined using the 
i ne unccnauiiy in u J the force an d displacements arc 0.5N, 0.0016mm, 

These predicted uncertainty values are generally satisfactory in comparison to nominal 
dynamic coefficients. 

Relative Performance of Anti-Swirl Self-Injection Seals 

As stated relative performance of anti-swirl self-injection seals was compared with a smooth 

wt°'f™ £ e “d toTt^SSdSt'SS'SSSS to F.g e r°H™« expected. Ute 
direct damping is independent to the rotor speeds, while the cross-coupled stiffness is a 
strong function of the rotor speeds™. the current test 

srils as predicted in the previous reports in references of Childs and Kim( 1985, U80) ana 
iwatsubo' and Shcng(i990). For the damping coefficient, the damper seal is outstanding , 
nearlv six times the smooth seal and trifold the anti-swirl self-mjection seals. For th 
miscounted stiffness coefficient, seal 5 oulperloms other seals: ten times smaller than he 
iirf Sto" times smaller than W damper scat. The anti-swirl scll-tojccnon 
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results assure the anti-swirl concept thc ^^fwirl s f f cross ~ cou P Icd stiffness. These 

tangential flow inside the seal clearance and ihprlf f ' ,n ^ cll0n mechanism retards the 
coupled stiffnesses. clearance and therefore results in the reduction of cross- 

scals.^As expected *ln^the m e asu remenTof dynand c°c wfflciTm s 'T ^ ani0ng tcstcd 

are much better than the smooth seal AmnL »h P ^^rents, anti-swirl self-injection seals 

best; more than six times lessen the irSK . "tT” 1 , 8elf - in J« c « ion seals, seal 5 is the 
as the leakage perfomiance is concerned T J * d l ? S Ulan half ,,le hamper seal. As far 
test program, seal 3 was tested first andV^md 3 ? 1 ^ SCdi ou, pcrfonns the others. During the 
Therefore, the anti -axTd flow pattern was n rod .red In !^° mU , C 5 ,C ^ age as shown *» Fig 8 
% over the seal 3, while showing 4 * ? al 4im Proves aboul 10 

Results show that the anti-axial flow injection is nrdac whiri fre( l uenc y ratio, 

reduction; maybe because of the limited reverse as f ‘ rst ex Pected for leakage 

current test rig installation, or the share acml ret™ ? 6 deg , ree) due . t0 the limit of the 
much of its momentum to have a discemihie «ffi» SC Ik* 71 ma ^ e dle diverted flow lose too 
U.is lest series, seal 5 wiriTtoyriftf? ' e « CSnlft? COnCept ' F 
improve the leakage performance- however i warnn/tn ^ ^ ffect was ‘"traduced to 
seal. More tests are planned for imnrovirJ ml Ugh V COmparcd with the damper 
importantly in stability view point these test resultf^? J h perf ° rma nce. However - more 
concepts deariy show Aa, the L-swiri 

Sre^eraSs^pjS'ure S-S" 8 “efficients are compared with diiTerenl 
result follows general trends of other seals Thedlm^f’ uf d,r ? CI dam P‘ n g increases; this 
Seal 3 and seal 4 have 30-40% hieher dnninintr^ 31 ! 1 ^ er ^ ea ^ l ^ e h'ghest damping values 
the same damping values as ** S,1 l 00th sea, ‘ Seal 5 has about 
self-injection seals show a clear Zem of reduri^ ZT C ° Up Cd s,if £ ess ’ ** anti-swirl 
smooth and damper seals which P show increased "ettt n C °i U n Cd • r!- 1 ffnesses: versus the 
pressure difference is increased. The anti-swirUel? paltems 25 
constant cross-coupled stiffnesses Aeain this fim.r« , njec . tlon seals show decreasing or 
injection concept. ' Again this figure clearly confirms the anti-swirl sclf- 

from Fig. 9, anti-sw^rU^lflinj^Iion sealSow^lear 1 ^' C,en - S are .spared. As expected 
over smooth and damper seals A™™ the e7.r „ f superiority in stability performance 
frequency ratio; less than half that of smooth 'S?" Seals ’ 5 has the lowest whirl 
performance can be a drawback Seal 4 and°2!i ? ? d ^! per f eals - However, the leakage 
the damper seal leaks 20% less than seal 5 ^ 016 smooth seal ; however, 

addressed in the better designs should be 

dependency of pressure differences and hoi? ag * perfonn ance, the 
be studied in more details. Current results dem^^m Sta k |ll,y . performance should 

perform and introduce the concept of anti swirl andtire^ ? ntl ‘ sw,rl self-injection seals 
seals. ept 01 anti-swirl and self-injection mechanisms for annular 

CONCLUSIONS 


and danfiS^ jested and compared with smooth 

reduce cross-coupled stiffnesses ami iTv. f j,lon concc Pt can significantly 

whirl frequency ratio as corn^ hy a factor Sf 2 in the' 

preliminary test is the leakage perfonnance ^fl. A minor drawback identified in this 
based on new designs are planned and could solve thi.^problcim ^ ^ pcrfom,ance 
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Table 1. Configuration of Test Seals 


Type Configuration 


hole pattcm( Childs and Kim, 1 986) 
12 holes onc-linc injection 
12 holes one-line with anti-axial 
flow injection 

12 holes one-line with anti-axial 
flow injection and labyrinth effect 


* ASIS : Anti-Swirl Self-Injection Seal 


seal 

1 

plain 

seal 

2 

damper 

seal 

3 

ASIS 

seal 

4 

ASIS 

seal 

5 

ASIS 

labyrinth 
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Fig .3 Schematics of the sealing test system 


pig 4 Data acquisition and processing 




Fie 5 Flow chart of instrumental variable method Fig. 6 Example of measured and analytical frequency response 

functions ( measured(ME), —X— least square(LS), 

_ instrumental variable(IV) ) 



















